Improving the resolution of asymmetric structures
However, even though the structure of viruses could be solved at near-3-Å resolution thanks to their icosahedral symmetry 7 , the resolution of single-particle cryo-EM reconstructions of asymmetric structures such as the ribosome showed little improvement for more than a decade, being limited in a fundamental way by the poor quality of traditional recording media. (See timeline in Fig. 1 .) The slow pace is exemplified by our own progress with the ribosome, in which we improved resolution from 6.7 Å in 2008 (refs. 8,9) to 5.5 Å in 2013 (ref. 10) . The discrepancy between resolution potentially achievable and resolution practically obtained was already strikingly apparent from Richard Henderson's study 11 in 1995, which predicted the attainment of 3-Å resolution for the Escherichia coli ribosome from as few as 10,000 particles on theoretical grounds, while in practice 4,300 particles yielded a reconstruction of the ribosome with no better than 25-Å resolution 12 .
However, as a consequence of the introduction of new direct electron detectors in 2012, the field as a whole has been marked by spectacular progress toward higher resolution, to a level that now frequently allows de novo atomic modeling. This era was heralded by the appearance of an article 13 entitled "Ribosome structures to near-atomic resolution from thirty thousand cryo-EM particles, " most notable here for closing the gap in the aforementioned numerical discrepancy in particle counts. (For the record. however, it should be mentioned that the "near-atomic resolution" in the title referred to a value around 4.5 Å, better by just 1 Å than the film-based study of Hashem et al. 9 that appeared at the same time and was obtained from 160,000 particles). Since then numerous ribosome structures from both prokaryotes and eukaryotes have appeared in the 3-Å range, the most recent being the structure of the large subunit from Trypanosoma cruzi solved in my lab 14 at 2.5 Å, a resolution sufficient to show water molecules as well as rRNA modifications and to allow de novo atomic modeling. In fact, the I remember being approached at the reception for the meeting on Structure and Function of Large Molecular Assemblies in 2006, organized by the International School of Crystallography in Erice, Sicily. It was suggested that I should contribute an article on single-particle cryo-EM to the newly created journal Nature Protocols. After years of mixed experiences with print journals, the idea of not having to worry about page limits and color charges, the possibility of providing documents at the reader's fingertips via hyperlinks, and the promise of technical assistance in managing all these links all had an instant appeal to me. Eventually, I agreed to write not one but three articles covering all aspects of the subject matter, ranging from sample preparation 1 to data collection on the electron microscope 2 to image processing and three-dimensional (3D) reconstruction using the SPIDER package 3 . The number of citations accumulated over the years indicates that the time was ripe for dissemination of this sort of meticulous step-by-step protocol, especially for the image-processing step.
Since the appearance of our first contributions to the journal, a lot has happened in the field of cryo-EM, as has been noted in numerous recent commentaries, review articles, and 'cryo-EM-fordummies' introductions. Coinciding with our articles [1] [2] [3] in Nature Protocols was the appearance of two method-oriented papers with general impact, one providing a way to interpret low-resolution density maps by fitting atomic structures 4 and the other addressing the need for a quantitative means to sort, or classify, single-particle projections from heterogeneous samples 5 . In the latter approach, the projection data are thought to originate from k = 1...K structural models in the presence of noise, usually modeled as Gaussian, and the parameters (i.e., class k and the voxels of the K models) are estimated by maximizing the likelihood of the observed data.
Advances in the field of single-particle cryo-electron microscopy over the last decade
Joachim Frank
In single-particle cryo-electron microscopy (cryo-EM), molecules suspended in a thin aqueous layer are rapidly frozen and imaged at cryogenic temperature in the transmission electron microscope. From the random projection views, a three-dimensional image is reconstructed, enabling the structure of the molecule to be obtained. In this article I discuss technological progress over the past decade, which has, in my own field of study, culminated in the determination of ribosome structure at 2.5-Å resolution. I also discuss likely future improvements in methodology.
processing, maximum-likelihood classification, validation, and model building-augmenting, or entirely replacing, the stock of routines featured in the protocol of Shaikh et al. 3 . A good survey of these latest developments is found in the volume of Methods in Enzymology just edited by Tony Crowther 21 . Optimal processing of multiple frames for drift correction, even on the level of individual particles, has been one of the areas of intense development. Methods of validation have been developed that allow reference bias to be minimized or entirely eliminated. Classification methods have been refined, allowing the analysis to be focused on a small region of a structure, even down to the position of a single helix.
In fact, of the three areas covered by our original contributions, the development of software has most clearly exposed the problems of the old-fashioned, slow-moving publication process in scientific journals. Many would agree with the dictum that if something works, then the community should know right away and not 6 months from now. Many methods-oriented groups have now resorted to depositing their newest contributions in publicly accessible archives such as bioRxiv (http://phys.org/ news/2013-11-cshl-biorxiv-freely-accessible-citable.html#nRlv) or ProtocolExchange (http://www.nature.com/protocolexchange), following a practice long honored in the physics community, for rapid, unedited dissemination. Thus the dissemination of 'hot' material instantly useful for the community may be increasingly separated from its promotion by established authority through the vehicle of scientific journals. It is unlikely that publication of these approved articles will be made redundant, but the trend nevertheless signifies a change in the role and scope of scientific journals from past models.
Looking to the future
In closing, I would like to recognize the role of Nature Protocols in facilitating the distribution of much more detailed methods and protocol information than has been traditionally provided. Looking back over the remarkable pace of development during the past decade in my own field makes it difficult to imagine what the next decade will bring, but I'm certain that our understanding of many molecular mechanisms, such as those propelling translation or activation and gating of channels, will be much more profound as a result of the spectacular process of cryo-EM. stunning progress of single-particle cryo-EM in the past 10 years is exemplified by the progress in the elucidation of the ribosome structure during that period (Fig. 2) , from 7.3 Å to 2.5 Å. Also notable in this recent 'resolution revolution' has been the achievement of close-to-atomic resolution for small membranebound proteins, starting with the elucidation of the TRVP1 channel by the group of Yifan Chen at the University of California at San Francisco 15, 16 . In fact both kinds of structures-very large macromolecular assemblies, which are flexible and exist in multiple states, and small transmembranous channels-have long posed challenges to X-ray crystallography that are now overcome by single-particle cryo-EM.
The development of higher-throughput methodology
What has been particularly evident in the past 3 years is the muchaccelerated pace in the development of techniques toward higher throughput, standardization and automation, inviting comparisons with the early years of X-ray crystallography by those practitioners old enough (yet not too old) to remember. While instrumentation has made a giant leap forward in automation, as reflected by the sophistication of new-generation cryo-electron microscopes with auto-loading capability, the craft of sample preparation has lagged far behind, and this area is ripe for inventions that are expected to be featured in many protocols to come. What come to mind are robotic deposition methods (Spotiton 17 ), whisker-assisted blotting 18 , gold grids 19 , and the exploration of graphene as support 19 .
Spotiton 17 is a robot developed by Bridget Carragher and Clint Potter, initially at The Scripps Research Institute and now at the Simons Electron Microscopy Center in New York. It can be used to deposit small sample droplets on targeted points on the grid matrix, for screening multiple samples on the same grid. The same authors also pioneered the use of whiskers grown on the copper grid for rapid blotting 18 , thus eliminating the need for paper blotting in vitrification robots. The use of gold grids or gold-plated grids has spread rapidly since Russo and Passmore found them to be much more stable under electron bombardment than regular copper grids 19 . Finally, graphene can used as a highly stable, almost structureless support that is vastly superior to regular amorphous carbon 20 .
Especially explosive has been the development of software, which now has acquired a much larger role encompassing frame 
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Reconstructions of ribosome at 25 Å show subunit architecture and RNA bridges Timeline for single-particle methods the tens of milliseconds can now be reliably achieved for the time-resolved study of short-lived biological processes such as ribosome recycling 25 . It remains to be seen if even shorter times can be achieved with this technology, to make it applicable in studies of channel dynamics.
However, a continuing challenge in both standard and time-resolved cryo-EM is presented by the conformational and compositional heterogeneity of the molecules studied. Capitalizing on the gain in contrast through direct electron detection, the techniques of focused 3D alignment and classification with signal subtraction are increasingly used to sort out molecules based on local variability, even down to movements of individual helices 26 . The need for more sophisticated software for classification, with increased incorporation of machine learning and capabilities for deep data mining, is exemplified by a recent postmortem 27 of processing steps that led to the 2.5-Å structure of the T. cruzi ribosome 14 . Here, as in many recent cryo-EM studies, the outcome was the result of many strategic decisions in successive rounds of classification, guided largely by intuition. Intra-particle flexibility is still a limiting factor that can be overcome in the future by focused 3D alignment and classification methods.
As to future technological developments, I have already mentioned automation and optimization of sample preparation as one of the most pressing needs. Further improvements of direct electron detectors and phase plates, along with improvements to software, may well soon bring us into a golden age where resolutions of 2 Å can be routinely achieved, at least for wellbehaved molecules. Improvements to phase plates 22 , toward more reliable automated performance, are anxiously awaited by the community as they carry the promise of doing away with the need for taking defocus series and with the related curse of CTF (contrast transfer function) correction.
It should also be mentioned that single-particle cryo-EM is branching out in a new direction with the development of fast mixing/spraying microfluidic chips [23] [24] [25] . Time resolutions in cruzi. This is the highest-resolution cryo-EM reconstruction for the ribosome. Water molecules and all 60 rRNA modification sites can be identified. The structure is of a quality suitable for drug design 27 .
(Note: this figure is a composite from the 60S subunit at 2.5-Å resolution and the 40S subunit portion of the 80S subunit at 3.9-Å resolution.)
